Abstract
Cyclic nucleotide phosphodiesterase3 (PDE3) is an important regulator of cyclic adenosine monophosphate (cAMP)-signaling within the cardiovascular system. In this study, we examined the role of PDE3A and PDE3B isoforms in regulation of growth of cultured vascular smooth muscle cells (VSMCs), and the mechanisms by which they may affect signaling pathways that mediate mitogeninduced VSMC proliferation. Serum-and PDGF-induced DNA synthesis in VSMCs grown from aortas of PDE3A-deficient (3A-KO) mice was markedly less than that in VSMCs from PDE3A-wild type (3A-WT) and PDE3B-deficient (3B-KO) mice. The reduced growth response was accompanied by significantly less phosphorylation of extracellular regulated kinase (ERK) in 3A-KO VSMCs, most likely due to a combination of greater site-specific inhibitory phosphorylation of Raf-1 ser259 by protein kinase A (PKA) and enhanced dephosphorylation of ERKs due to elevated MAP kinase phosphatase 1 (MKP-1). Furthermore, 3A-KO VSMCs, compared to 3A-WT, exhibited higher basal PKA activity and cAMP response element binding protein (CREB) phosphorylation, higher levels of p53 and p53 phosphorylation, and elevated p21 protein, together with lower levels of Cyclin-D1 and retinoblastoma (Rb) protein, and Rb phosphorylation. Adenoviral overexpression of inactive CREB (mCREB) partially restored growth effects of serum in 3A-KO VSMCs. In contrast, exposure of 3A-WT VSMCs to Vp16 CREB (active CREB) was associated with inhibition of serum-induced DNA synthesis, similar to that in untreated 3A-KO VSMCs. Transfection of 3A-KO VSMCs with p53 siRNA reduced p21 and MKP-1 levels and completely restored growth, without affecting amounts of Cyclin-D1 and Rb phosphorylation. We conclude that PDE3A regulates VSMC growth via two complementary pathways, i.e., PKA-catalyzed inhibitory phosphorylation of Raf-1 with resulting inhibition of MAPK signaling, and PKA/CREB-mediated induction of p21, leading to G0/G1 cell cycle arrest, as well as by increased accumulation of p53 which induces MKP-1, p21, and Wip1, leading to inhibition of G1 to S cell cycle progression.
Introduction
Multiple factors contribute to the pathogenesis of atherosclerosis, a major health problem worldwide (1) . Proliferation of vascular smooth muscle cells (VSMCs), primarily responsible for the maintenance of vascular tone (2) , is a key event in the development of atherosclerotic lesions and postangioplasty restenosis (3) . In a normal artery, VSMCs are in a non-proliferative, quiescent state and exhibit a well differentiated, "contractile" phenotype.
After vascular injury, this differentiated phenotype is lost, with shift to a "synthetic" phenotype that is accompanied by entry into the cell cycle and proliferation (4) . Evidence that pathological events in the vessel wall play an important role in atherosclerosis is increasing. Development of atherosclerosis may involve perturbation of the homeostatic balance between anti-atherosclerotic signaling [nitric oxide (NO), atrial natriuretic peptide (ANP), and cyclic nucleotides] and pro-atherosclerotic signaling [tumor necrosis factor alpha (TNF-α), angiotensin II (Ang II)] (5). Both endothelial cells (ECs) and VSMCs are critical targets for inflammatory molecules, such as interleukin-6 (IL-6), monocyte chemoattractant protein (MCP-1), and vascular cell adhesion molecule-1 (VCAM-1), that are increased during progression of atherosclerosis (6) , and are capable also of producing these molecules. In normal tissues with functional endothelium, NO and C-type natriuretic peptide (CNP) produced by ECs increase cyclic guanosine monophosphate (cGMP) which, together with cyclic adenosine monophosphate (cAMP) and prostaglandins, limit inflammation and proliferation, and decrease vascular remodeling and atherosclerosis (7) .
PDEs, which catalyze hydrolysis of cAMP/cGMP, belong to a complex and diverse superfamily of at least 11 structurally related, highly regulated, and functionally distinct gene families (PDE1-PDE11). These enzymes differ in their primary structures, affinities for cAMP and cGMP, responses to specific effectors, sensitivities to specific inhibitors, and mechanisms by which they are regulated (8) . Most PDE families are comprised of more than one gene, which yield multiple protein products via alternative mRNA splicing or utilization of different promoters and/or transcription initiation sites. The two PDE3 subfamilies, PDE3A and PDE3B, are encoded by closely related genes (9) . PDE3A and PDE3B isoforms are expressed in VSMCs, but their exact role(s) is unclear, due, in large part, to lack of availability of specific inhibitors of individual PDE3 isoforms.
The goals of this study were to understand the role(s) of PDE3A and PDE3B isoforms in VSMC function, and to define mechanisms by which PDE3 isoforms might affect signaling pathways that regulate VSMC growth. Yan and collaborators (10) have shown that, in cultured cardiomyocytes, down-regulation of PDE3A, with concomitant up-regulation of inducible cAMP early repressor (ICER), was associated with increased cardiomyocyte apoptosis. Studies by Masciarelli et al. (11) demonstrated that, in female mice, deletion of PDE3A resulted in infertility, due mainly to arrest of oocyte meiosis via elevated cAMP/PKA signaling, which inhibited maturation promoting factor. Several earlier studies demonstrated that cilostamide (a PDE3 inhibitor) and rolipram (a PDE4 inhibitor) increased accumulation of cAMP and inhibited arterial, lung, and mesangial smooth muscle cell growth and migration (12) (13) (14) (15) . Thus, we reasoned that PDE3A -/ -(3A-KO) and PDE3B -/ -(3B-KO) mice might provide valuable models in which to dissect and reconstitute signaling pathways downstream of cAMP that could elucidate mechanisms controlling cell division and mitogenesis in other types of cells, including VSMCs.
Our results indicate that PDE3A depletion inhibited mitogen-induced VSMC proliferation via two complementary signaling pathways, i.e., PKA-catalyzed inhibitory phosphorylation of Raf-1 which interfered with activation of MAPK signaling and PKA/CREB-induced elevation of p21, leading to cell cycle arrest in G0/G1, as well as by increased accumulation of p53 which induces MKP-1, p21, and Wip1, leading to inhibition of G1 to S cell cycle progression. generated by targeted disruption of exon 13, which encodes a portion of the second putative metalbinding site in the PDE3A catalytic domain (11) . Generation of 3B-KO mice (MPDE3BSvJ129) was also described earlier (16 Supplementary Fig. 1 ). The epitheloid morphology of 3A-KO VSMCs grown from F1 generation 3A-KO mice reverted to spindle shape upon 8 backcrosses with C57BL/6J mice ( Supplementary Fig. 1 ). Thus, differences in morphology were not causally related to differences in growth, MAPK, and cell signaling pathways between 3A-WT and 3A-KO VSMCs grown from F1 generation mice. Isolation and culture of VSMCs: VSMCs, isolated by collagenase digestion of the aortic media layer as described (17) , were not contaminated with fibroblasts or endothelial cells, as evidenced by >99% positive immunostaining with fluorescein isothiocyanate-conjugated antibodies against smooth muscle α-actin (Sigma Chemicals). VSMCs, maintained in α-MEM containing 10% fetal bovine serum and 1% antibiotic/antimycotic, were grown to confluency, and studied at passage 5 for all experiments. Immunoblot analysis of ERK and other signaling proteins: Confluent, serum-starved VSMCs were treated with PDGF-BB (10 ng/ml) or insulin (100 nM) alone, or with insulin followed by PDGF, and extracted with lysis buffer. Proteins (50 g) were separated by SDS-PAGE, followed by Western immunoblot analysis and detected with enhanced chemiluminescence reagent and imaging with a CCD camera (LAS 1000 Plus, Fuji, Tokyo, Japan). ECL signals in the linear range were quantitated by densitometry as described in the figure legends. Cell proliferation assay and Flow Cytometry: Cell proliferation was quantified by using BRDU cell proliferation assay kits (Roche). DNA synthesis was assessed by [ 3 H]thymidine incorporation as described earlier (18, 19) . For cell cycle analysis, VSMCs were incubated with PDGF for 24 h, harvested with trypsin, and stained (1x10 6 cells) with 100 g/ml propidium iodide for 12 h in the dark at 4ºC. Fractions of cells present in each phase of the cell cycle (G0/G1, S, and G2/M) were determined by flow cytometry using a BD FACStar flow cytometer and ModiFit software. 
Analyses of gene expression by Cell

Results
Characterization of VSMCs derived from 3A-KO and 3B-KO mice: As seen in Supplementary  Fig. 2A , Western blot analyses with isoformspecific antibodies confirmed the absence of PDE3A and PDE3B isoforms in primary VSMCs grown from aortas of 3A-KO and 3B-KO mice, respectively, and their presence in WT counterparts. Of note, there was a compensatory increase in PDE3A protein in 3B-KO VSMCs, but no such increase in PDE3B in 3A-KO VSMCs. As seen in Supplementary Fig. 2B , analysis of PDE enzymatic activities indicated that most of the cAMP PDE hydrolytic activity in VSMCs was due to PDE3 and PDE4 isoforms, based on inhibition of PDE activity by cilostamide and rolipram (21) . In 3A-KO VSMCs, PDE3A deletion resulted in ~70% decrease in PDE3 activity while PDE4 remained unaffected. 3B-WT VSMCs exhibited a ~ 50% and ~30% increase in total PDE and PDE3 activities, respectively, when compared to 3A-WT VSMCs. In 3B-KO VSMCs, PDE3B deletion resulted in ~43% decrease in PDE3 activity. The magnitude of decrease in PDE3 activity, ~43% in 3B-KO VSMCs, was less than the corresponding decrease of ~70% in 3A-KO VSMCs ( Supplementary Fig. 2B ). This may be due to the observed increase in PDE3A protein in 3B-KO VSMCs.
Increased PKA activity in 3A-KO VSMCs: Cellular PKA activity in lysates of VSMCs from aortas of 3A-KO and 3B-KO mice was assayed as a measure of assessing altered cAMP signaling due to changed PDE3 expression. Basal PKA activity in 3A-KO VSMCs was more than twice that in 3A-WT cells (9.91±1.5 vs. 3.7±0.59 pmoles phosphate incorporated into kemptide/mg protein/min, mean +/-SE, n=4), whereas no such increase was observed in 3B-KO VSMCs (3.72± 0.68 vs. 3.76±0.47 pmoles/mg protein/min). This absence of increased PKA activity in 3B-KO VSMCs may also be due, at least in part, to the increased expression of PDE3A protein in 3B-KO VSMCs. Acute stimulation with PDGF for 5 min increased PKA activity in VSMCs by 60-70% over basal levels in all VSMCs (6.3± 0.88 3A-WT; 16.2± 1.83 3A-KO; 6.5± 0.59 3B-WT; 6.2± 0.59 3B-KO). PKA activity was completely inhibited when PKA peptide inhibitor was included in vitro during the enzyme assays, and partially inhibited when VSMCs were incubated with Rp-8 bromocAMPS, a cAMP analog that inhibits PKA (data not shown).
Suppression of proliferation in 3A-KO VSMCs:
VSMC proliferation is known to play a crucial role in the development of restenosis after balloon angioplasty, and in the progression of fatty streaks to atherosclerotic plaques (2) . To determine the role of PDE3 isoforms in regulation of VSMC proliferation and growth, we measured [ 3 H]thymidine incorporation into DNA, after treatment of VSMCs with PDGF or serum. As seen in Fig. 1A , PDGF-or serum-induced DNA synthesis was increased 4-6 fold in 3A-WT, 3B-WT, or 3B-KO, but not in 3A-KO, VSMCs.
Results were similar when growth rates were measured by colorimetric assays using anti-BRDU antibodies to mark proliferating cells (data not shown). Thus, in contrast to 3B-KO VSMCs, which were responsive to mitogenic stimuli, PDE3A depletion was accompanied by markedly less proliferation in response to mitogenic stimuli. siRNA-induced depletion of PDE3A in 3B-KO VSMCs decreased PDGF-stimulated DNA synthesis: To confirm a major role for PDE3A in regulation of VSMC proliferation, PDE3A was depleted in 3B-WT and 3B-KO VSMCs, using murine PDE3A siRNA [sc-41593 (SantaCruz Biotechnology, Inc), which is a pool of 3 targetspecific 20-25 nt siRNAs]. Transfection with PDE3A siRNA resulted in 65-70% depletion of cellular PDE3A (Fig. 1B) , and significantly decreased basal and PDGF-induced DNA synthesis in 3B-WT and 3B-KO VSMCs when compared to VSMCs transfected with scrambled siRNA (Fig. 1C) . Thus, PDE3A depletion in 3B-WT and 3B-KO VSMCs is accompanied by a marked reduction in VSMC proliferative capacity in response to mitogenic stimuli.
Analysis of cell cycle progression by Flow Cytometry:
The effect of PDE3A deletion on cell cycle progression was assessed by FACS analysis of propidium iodide-labeled VSMCs (Fig. 2 ). In the basal state, a large fraction of 3A-WT and 3A-KO VSMCs accumulated in G0/G1 phase, with a small fraction of each in S phase ( Fig. 2) . Incubation of 3A-WT VSMCs with PDGF (24 h) induced cell cycle progression into S phase, significantly decreasing the percentage of cells in G0/G1, and concomitantly increasing the numbers of cells in S phase (2.5 fold) and in G2/M phase (6 fold) (Fig.2 , top rt). In contrast, 3A-KO VSMCs exhibited markedly decreased percentages of cells in G1/S and G2/M in response to PDGF (Fig. 2 , bottom rt, 86.2± 3.1% in G0/G1; 9.4±1.4% cells in S phase; 4.4±1.0% in G2/M phase). These effects strongly correlated with the inhibition of mitogeninduced DNA synthesis in 3A-KO VSMCs ( Fig.  1 ). Overall, these findings suggested that PDE3A-deletion increased PKA activity and inhibited VSMC proliferation by blocking mitogen-induced G1→S phase and G2→M phase progression. This observation prompted us to investigate potential alterations in upstream and downstream signaling pathways that regulate cell cycle proteins involved in VSMC growth and proliferation. Impaired MAPK/ERK signaling in 3A-KO VSMCs: In VSMCs, growth factors activate two major mitogenic signaling pathways in early G1, MAPK/ERK and PI3 kinase signaling pathways (22) (23) (24) . MAPK/ERK activation is required for cell cycle initiation (G0-G1), as well as cell cycle progression (22) (23) (24) . Phosphorylation/activation of upstream kinases (MEK, Raf-1) results in activation of MAPK, leading to phosphorylation of downstream kinases and enhanced expression of several immediate early gene products, which promote cell cycle progression through the R (restriction) point of the cell cycle (25) . To test whether growth inhibition in 3A-KO VSMCs might be related to alterations in MAPK/ERK signaling, immunoblot analyses were performed on cell extracts derived from VSMCs acutely stimulated for 5 min with PDGF, insulin, or a combination of both ( Fig. 3, top) . Insulin was included along with PDGF to determine whether it potentiated PDGF-induced MAPK/ERK phosphorylation/activation, which is required for proliferation of various cells, including VSMCs (22) (23) (24) (25) . PDGF treatment rapidly increased phosphorylation of ERK 1 and ERK 2 by several fold in 3A-WT, 3B-WT, and 3B-KO VSMCs. In contrast, PDGF-induced ERK 1 and ERK 2 phosphorylations were markedly reduced in 3A-KO VSMCs, which reflected deficient enzyme activation. Insulin treatment alone, or in combination with PDGF, did not increase ERK phosphorylation. Densitometric analyses revealed that these reductions in ERK phosphorylations were not due to reductions in ERK protein (Fig. 3 , lower). The time course of PDGF-induced ERK phosphorylation revealed persistent reductions in 3A-KO VSMCs at all times studied (data not shown). Incubation of 3B-KO and 3B-WT VSMCs with cAMP agonists (Sp-cAMPS, 100 µM) for 30 min also abrogated subsequent PDGFinduced ERK phosphorylation ( Supplementary  Fig. 3 ). p38 MAPK phosphorylation was also reduced in 3A-KO VSMCs (data not shown). Earlier studies with cilostamide (a PDE3 inhibitor) and cAMP agonists have shown similar reductions in ERK phosphorylation (12) (13) (14) (15) 26) which were accompanied by growth inhibition. Studies by Inoue et al. (13) have shown that cilostamide, which increased VSMC cAMP content, inhibited DNA synthesis stimulated by fetal calf serum, but did not affect VSMC migration stimulated by PDGF. This earlier report (13) suggested that cilostamide suppressed rat arterial intimal hyperplasia in single-and double-balloon injury models, presumably by inhibiting proliferation, rather than migration, of VSMCs. Preservation of PI3 kinase/Akt signaling in 3A-KO VSMCs: PI3-kinase signaling pathways are also essential for cell proliferation, cell survival, and differentiation (27) . As shown in Fig. 4 (top) , insulin or PDGF rapidly increased phosphorylation of Akt Ser473 , a target of PI3-kinase signaling. Akt Ser473 phosphorylation was similar in 3A-KO, 3A-WT, 3B-WT, or 3B-KO VSMCs (Fig.  4, bottom) . Thus, PI3 kinase/Akt signaling appeared to be preserved in 3A-KO VSMCs.
Additional studies indicated that pBad phosphorylation in 3A-KO VSMCs was comparable to that in WT cells (data not shown). Since Akt inhibits apoptosis by phosphorylation and inactivation of several proteins, including FoxO1, Bad, and caspase-9, preservation of PI3K/Akt signaling in 3A-KO VSMCs supported the hypothesis that the reduction in proliferation of 3A-KO VSMCs was not likely to be due to excessive apoptosis.
Increased
Raf-1 Ser259 inhibitory site phosphorylation in 3A-KO VSMCs: cAMP/PKA signaling is known to increase phosphorylation of Raf-1 at ser259, which results in inhibition of Raf-1 kinase activity (28) , and, consequently, inhibition of ERK phosphorylation/activation. As seen in Fig. 5 (top) , basal Raf-1 ser259 inhibitory site phosphorylation was elevated more than 3-fold in 3A-KO VSMCs, compared to that in 3A-WT or 3B-KO VSMCs (Fig. 5 bottom, 3A-KO basal vs. 3A-WT or 3B-KO basal), consistent with increased PKA activity in 3A-KO VSMCs. Treatment with insulin or PDGF for 5 min increased Raf-1 phosphorylation in all VSMCs. However, phosphorylation of Raf-1 Ser259 by insulin or PDGF was higher in 3A-KO VSMCs, compared to that in 3A-WT or 3B-KO VSMCs. In all VSMCs, treatment with insulin for 5 min followed by incubation with PDGF for 5 min reverted the phosphorylation state to basal or near-basal levels. A plausible explanation for the observed transient increase in Raf-1 ser259 phosphorylation in 3A-WT and 3B-KO VSMCs, with a rapid return to basal level in 10 minutes, may be to due to a transient PKA activation which elicits the transient increase in Raf-1 phosphorylation to limit/prevent excessive PDGF-induced MAPK phosphorylation/activation.
Indeed, acute stimulation with PDGF increased PKA activity in VSMCs by 60-70% over basal levels in WT, 3A-KO and 3B-KO VSMCs. Earlier studies by Hoffmann et al. (29) demonstrated that EGF triggered the phosphorylation of PDE4D3 by ERK2, causing its inhibition, resulting in an increase in cAMP. The authors also showed that this inhibition of PDE4 was transient due to the consequent increase in cAMP, which allowed PKA to phosphorylate/activate PDE4D3 and reverse the inhibition. Such a possibility could explain the rapid reversal of Raf-1 phosphorylation seen in these experiments (Fig.  5) . Phosphorylation of MEK, which is downstream of Raf-1, was also decreased in 3A-KO VSMCs (data not shown). Thus, reduced proliferation in 3A-KO VSMCs may be mechanistically related to inhibition of the Raf-MEK-ERK signaling pathway. Increased MKP-1 expression in 3A-KO VSMCs: MAPKs, especially ERKs, JNK, and p38, are activated by phosphorylation by upstream kinases and inactivated by dephosphorylation of critical tyrosine and threonine residues via dual specificity tyrosine/threonine specific phosphatases known as MAP kinase phosphatases (MKPs) (30) , several isoforms of which have been identified (31) . In VSMCs, MKP-1 is rapidly induced by FBS and insulin (32) . Studies by Kusari et al. (33) have indicated that cAMP/PKA signaling also induces expression of MKP-1, an early inducible gene. As seen in Fig. 6 , immunoblot analyses indicated that very low levels of MKP-1 were found in 3A-WT VSMCs. Both insulin and PDGF caused a small but transient increase in MKP-1 protein levels in these cells. In contrast, basal MKP-1 was increased 5-fold in 3A-KO VSMCs, and treatment with insulin or PDGF did not further increase MKP-1 (Fig. 6 ). In contrast, VSMCs from 3B-KO mice did not show elevations in MKP-1 ( Supplementary Fig.  4 ). Thus, in 3A-KO VSMCs, increased cAMP/PKA signaling appears to induce expression of MKP-1, resulting in enhanced dephosphorylation and inactivation of MAPK, and termination of MAPK signaling. Modulation of cell cycle regulatory genes in 3A-KO VSMCs: To explore mechanisms underlying G0/G1 cell cycle arrest and defective mitogenesis in 3A-KO VSMCs, we analyzed expression of cell cycle-regulated genes by using cell cycle specific oligonucleotide microarrays, and, as seen in Table  1 , we identified a number of genes in 3A-KO VSMCs whose expression levels were altered by >2-fold compared to those in 3A-WT VSMCs (after correcting for background signals and normalization with 4 housekeeping genes). Most notably, there was substantial up-regulation of genes that control G1->S transition (Rhou), S phase and DNA replication (Rad17), G2 phase and G2/M transition (PPm1d), M phase (Rad21), cell cycle checkpoint/cell cycle arrest [Brca2, Gadd45a, Tsg101, Macf1, Ppm1d (Wip1)], and cell cycle regulation (Ccnc, Cdc37, Gadd45a, Rad 9). Expression of some negative regulators of cell cycle (Cdkn1a [p21cip], Cdkn2d [p19], and TRP53 [p53]) was also altered. On the other hand, expression of Cyclin-D1, Shc1, CDC28 protein kinase 1 (cks1b), Pes1, Gas2, Itgb1, and Rbl2 (Rb) genes was decreased in PDE3A-KO VSMCs ( Table 1) . Analysis of cell cycle regulatory proteins: G1 to S transition is governed by Cyclin-dependent kinases/Cyclin complexes (25) . Both PI3 kinaseand ERK-signaling activate Cyclin-D1/Cdk4 by increasing the expression of Cyclin-D1, which then complexes with and activates Cdk4 kinase, which, in turn, regulates the release of E2F. The Cyclin/cdk complexes are also regulated by cdk inhibitor proteins, e.g., the kip/cip family which includes p27 kip and p21 cip1 . Upregulation of these proteins could lead to G1 cell cycle arrest (34) .
As seen in Fig. 7 and Supplementary Fig.  5 , and consistent with the results in Table 1 , Cyclin-D1 levels were markedly decreased in 3A-KO VSMCs compared to those in 3A-WT VSMCs. Incubation with PDGF for 24 h significantly increased expression of Cyclin-D1 in 3A-WT, but not in 3A-KO, VSMCs. Cyclin-E levels appeared unaltered (data not shown).
Retinoblastoma protein (Rb) is a downstream substrate for Cyclin-D1/Cdk4 and Cyclin-E/Cdk2.
Cyclin-D1/Cdk4-dependent phosphorylation of Rb is necessary for cells to exit G1 and enter S phase (35) , because Rbphosphorylation inactivates Rb, which results in the release of E2F and its subsequent nuclear localization and activation, which is required for DNA synthesis. Analysis by Western blotting and densitometric quantitation ( Fig.  7 and Supplementary Fig. 5 ) indicated that Rb protein and mitogen-induced Rb-phosphorylation levels were reduced in lysates from 3A-KO VSMCs compared to 3A-WT VSMCs. These results were consistent with those in Table 1 , which demonstrated a reduction in Rb gene expression in 3A-KO VSMCs. As also seen in Fig. 7 and Supplementary Fig. 5 , incubation with PDGF for 24 h increased phosphorylation of Rb in 3A-WT, but not 3A-KO, VSMCs.
Since PDE3A deletion inhibits VSMC growth, largely by suppression of cell cycle progression at G1/S and G2/M phases, proteins that negatively regulate the cell cycle were also studied. Cell cycle-specific microarray analyses indicated that expression of the tumor suppressor gene, p53, Cyclin-dependent kinase inhibitor p21, Gadd45a, and Wip1 was significantly increased in 3A-KO VSMCs (Table 1) . Consistent with these results, and as seen in Fig. 7 and Supplementary  Fig. 5 , immunoreactive p53 was elevated by ~three fold in 3A-KO VSMCs, in comparison to 3A-WT VSMCs, which exhibit very low levels of p53. PDGF caused a ~30% decrease in p53 protein levels in 3A-KO VSMCs. As also seen in Fig. 7 and Supplementary Fig. 5 , phosphorylation of p53 Ser15 (pp53), which is necessary for its stabilization and activation, was significantly increased in 3A-KO VSMCs, compared to that in 3A-WT VSMCs. Incubation of 3A-KO VSMCs with PDGF for 24 h further increased phosphorylation of p53. Phosphorylated p53 induces G1/S arrest via transcriptional induction of p21 (a Cyclin-dependent kinase inhibitor), Gadd45a, and Wip1. Consistent with gene expression results (Table 1) , and as seen in Fig. 7 and Supplementary Fig. 5, p21 protein was increased ~2-fold in 3A-KO VSMCs, compared to that in 3A-WT. PDGF treatment (24 h) did not alter p21 protein levels in 3A-KO VSMCs, but increased p21 in 3A-WT VSMCs. CREB phosphorylation is increased in 3A-KO VSMCs: CREB, an important nuclear target of cAMP/PKA signaling, is regulated by phosphorylation on ser133, which permits binding to the co-activator protein, CREB-binding protein (CBP), and regulation of gene transcription (36) . Consistent with increased PKA activity in 3A-KO VSMCs, basal CREB phosphorylation was significantly increased in 3A-KO VSMCs when compared to 3A-WT (2.5 ± 0.4 fold increase, n=5). Acute treatment with PDGF or insulin did not significantly alter CREB phosphorylation. Inactive CREB (VP16 CREB) partially restores DNA synthesis in 3A-KO VSMCs: To investigate mechanisms by which CREB-signaling might affect DNA synthesis in 3A-KO VSMCs, active (VP16 CREB) and inactive (mCREB) versions of CREB were expressed in 3A-WT and 3A-KO VSMCs. In these experiments (Fig. 8) , the mitogenic effect of FBS on DNA synthesis in 3A-WT VSMCs was smaller than that in experiments presented in Fig. 1 (~2-fold vs. 5-6 fold seen in Fig.1 ), presumably because confluent, not subby guest on October 5, 2017 http://www.jbc.org/ Downloaded from confluent, VSMCs were used for CREB adenoviral infection, to minimize cell detachment during infection. Basal DNA synthesis was significantly decreased in 3A-KO VSMCs, compared to that in 3A-WT VSMCs. Adenoviral infection of 3A-WT VSMCs with active CREB (VP16 CREB), but not inactive mCREB, inhibited FBS-induced DNA synthesis in 3A-WT VSMCs (Fig. 8) . In contrast, infection of 3A-KO VSMCs with inactive mCREB partially restored FBSinduced DNA synthesis. Active CREB (VP16 CREB) completely abolished FBS-induced DNA synthesis in 3A-KO VSMCs (Fig. 8) . Effects of p53 antisense RNA on levels of p21 and MKP-1 proteins and DNA synthesis in 3A-KO VSMCs: p53, amounts of which are increased in 3A-KO VSMCs compared to those in 3A-WT cells (Table 1 and Fig. 7 ), suppresses DNA synthesis by increasing levels of cell cycle inhibitory proteins such as p21, GADD45a, and Wip 1, and by promoting apoptosis (37) . We investigated whether depletion of p53 levels with antisense siRNA would restore the depressed DNA synthesis seen in 3A-KO VSMCs to the stimulated levels seen in 3A-WT VSMCs. Consistent with gene expression data ( Table 1) and Western blots (Fig. 7) , and as seen in Fig. 9 and Supplementary Fig. 6A , basal p53 levels were higher in 3A-KO VSMCs than in 3A-WT VSMCs, after transfection of WT and KO VSMCs with scrambled siRNA. As also seen in Fig. 9 and Supplementary Fig. 6A (upper left), although incubation with PDGF decreased p53 protein in 3A-KO VSMCs transfected with scrambled siRNA, p53 content was still significantly greater in 3A-KO VSMCs than in 3A-WT VSMCs. As also seen in Fig. 9 and Supplementary Fig. 6 (upper left), transfection with TRP53 siRNA smart pool (Dharmacon) decreased p53 levels in 3A-KO VSMCs compared to. 3A-KO VSMCs transfected with scrambled siRNA, and completely restored responsiveness to the mitogenic effects of PDGF in 3A-KO VSMCs (Fig. 10) . As seen in Fig. 10 , in WT and KO VSMCs transfected with scrambled siRNA, PDGF-stimulated DNA synthesis was much lower in 3A-KO VSMCs than in 3A-WT VSMCs. In 3A-WT VSMCs transfected with TRP53 siRNA, PDGF-stimulated DNA synthesis was enhanced compared to that in 3A-WT VSMCs transfected with scrambled siRNA. In 3A-KO VSMCs transfected with TRP53 siRNA, PDGFstimulated DNA synthesis was completely restored, and exceeded PDGF-stimulated DNA synthesis in 3A-WT VSMCs transfected with scrambled siRNA or TRP53 siRNA, or in 3A-KO VSMCs transfected with scrambled siRNA.
As seen in Fig. 9 and Supplementary Fig.  6A (lower left) , the restoration of DNA synthesis in 3A-KO VSMCs was accompanied by inhibition of p21 cip1 protein expression. As also seen in Fig. 9 and Supplementary Fig. 6A (lower right) , transfection of 3A-KO VSMCs with TRP53 siRNA markedly reduced MKP-1 protein, compared to that in 3A-KO VSMCs transfected with scrambled siRNA. Consistent with results presented in Fig. 7 , and as seen in Fig. 9 and Supplementary Fig. 6A and 6B, Cyclin-D1 and Rb proteins and pRB were lower in 3A-KO VSMCs than in 3A-WT cells after transfection of WT and KO VSMCs with scrambled siRNA. Cyclin-D1 and Rb proteins and pRB were not significantly altered in 3A-KO VSMCs transfected with TRP53 siRNA.
Discussion
PDEs play critical roles in controlling intracellular pools of cAMP and cGMP. Elevation of cGMP, in part via cGMP-mediated inhibition of PDE3 activity (38, 39) , has been reported to synergistically enhance cAMP elevation and vasodilation of arteries (40) . Cilostamide, (a specific PDE3 inhibitor), has been reported to inhibit VSMC growth and migration (12) (13) (14) (15) . However, the role of individual PDE3A and PDE3B isoforms in regulation of VSMC growth and contractility is largely unclear, primarily due to the lack of isoform-selective PDE3 inhibitors.
In this study, using cultured VSMCs grown from aortas from PDE3A-and PDE3B-deficient mice, we examined the role of PDE3A and PDE3B isoforms in the control of VSMC proliferation. The results demonstrate that PDE3A-deficiency differentially inhibits mitogeninduced VSMC proliferation by suppressing G1→S and G2→M phases of cell cycle progression. Evidence presented here suggests that the observed inhibition of VSMC growth and cell cycle arrest is due to a combination of abrogation of PDGF-induced MAPK kinase signaling, as well as to alterations in key cell cycle regulatory proteins such as p53, p21, and Rb. In contrast, the PI3-kinase/Akt arm of PDGF-signaling is preserved in 3A-KO VSMCs. In 3A-KO VSMCs, increased cAMP/PKA signaling resulted in increased inhibitory phosphorylation of Raf-1 at ser259, which caused inhibition of Raf-1 kinase activity (41) and, consequently, impaired MAPK phosphorylation/activation. In addition, in 3A-KO VSMCs, MAPK phosphorylation/activation was reduced due to p53-mediated induction of MKP-1, which catalyzes dephosphorylation of MAPK. Notably, the observed impairment in MAPK activation and the resultant suppression of the mitogenic response in 3A-KO VSMCs is specific to PDE3A-deficiency, as 3B-KO VSMCs exhibited no elevations in PKA activity, were responsive to PDGF with respect to MAPK activation and DNA synthesis, and did not exhibit either increased Raf-1 ser259 phosphorylation or MKP-1 expression. Cellular depletion of PDE3A in 3B-KO VSMCs by transfection with PDE3A siRNA inhibited PDGF-induced DNA synthesis in 3B-KO VSMCs. A recent study by Hewer et al. (42) indicated that PKA and Epac synergistically mediated cAMP-induced growth arrest in VSMCs via a Rap1-independent mechanism. Further studies are clearly needed to understand the contribution of Epac signaling to growth inhibition of 3A-KO VSMCs.
PDE3A-deficiency also results in blockade of multiple proximal and distal steps in cell cycle progression by modulating several key cell cycle regulatory proteins (Fig.11) . First, the impaired MAPK activation is accompanied by decreased expression of Cyclin-D1, which may lead to reductions in Cdk4 activity and thus mediate the decrease in mitogen-induced Rb phosphorylation in 3A-KO VSMCs. As a consequence, Rb remains active and presumably associated with E2F (35), thereby causing suppression of G1→S phase of cell cycle progression. Second, PDE3A-deficiency, most likely via increased cAMP signaling and PKAinduced phosphorylation/ activation of CREB, was associated with increased expression of the Cdk inhibitor protein, p21 cip , which is known to inactivate both Cdk2 and Cdk4, thereby promoting G0/G1 cell cycle arrest (34) . Third, expression of inactive CREB in 3A-KO VSMCs partially restored the stimulatory effect of PDGF on DNA synthesis. Fourth, p53 protein expression and phosphorylation were increased in 3A-KO VSMCs, and depletion of cellular p53 with antisense siRNA decreased p21 cip1 and MKP-1 protein expression in 3A-KO VSMCs, and completely restored PDGF-induced DNA synthesis. It is worth noting that p53 upregulation and phosphorylation seen in 3A-KO VSMCs did not promote apoptosis, since cell viability, caspase-3 activity, and Akt-mediated pBad phosphorylation were not altered in 3A-KO VSMCs (unpublished data).
Thus, the loss of PDE3A causes cell cycle arrest and inhibition of VSMC proliferation, primarily by utilizing two complementary mechanisms. First, mitogen-induced MAPK signaling is blunted due to inactivation of the upstream Raf kinase via PKA-mediated inhibitory phosphorylation of Raf-1, as well as due to increased MKP-1 expression. Second, in PDE3A-KO VSMCs, expression of several cell cycle regulators and their phosphorylation, including p21, p53, and Rb, is altered. PKA-induced phosphorylation/activation of CREB may lead to increased expression of p21 cip1 , an inhibitor of cell cycle progression. PDE3A-deficiency also upregulates p53 protein and its phosphorylation. It is unclear which kinase (s) phosphorylates and activates p53 in 3A-KO VSMCs. Evidence from the literature suggests that p53 phosphorylation is largely promoted by ATM/ATR via Chk1/2 as well as by DNA-protein kinase, HIPK2 and AMPK in response to heat shock, UVA, IR, or energetic stress etc., resulting in decreased association with Mdm2 which leads to further p53 stabilization and activation (43) (44) . PKA has also been reported to phosphorylate p53, in a conformation-dependent manner (45) . In 3A-KO VSMCs, increases in p53 expression and p53 Ser15 phosphorylation enhance p53 transcriptional activity, resulting in increased MKP-1 (Fig. 8) and  p21 (Fig. 9) protein levels, and increased gene expression of Wip1, p21, and Cdkn2d (Cdk4 inhibitor) (Table 1 microarray analyses). These three latter genes inhibit cell cycle progression.
Other studies using cAMP agonists and pharmacologic inhibitors of PDE3 and PDE4 isoforms have reported inhibition of VSMC growth (7, 12-15, 42, 46-49) . However, the exact role of PDE3A and PDE3B isoforms and PKA was difficult to discern in these studies because of the lack of availability of specific inhibitors of PDE3A and PDE3B isoforms. To our knowledge, our current findings may define, for the first time, a specific role for PDE3A in the control of proximal as well as distal regulatory pathways of VSMC proliferation in response to growth factors and, perhaps, arterial injury. Growth inhibition in 3A-KO VSMCs is in part due to PKA-mediated ERK inactivation and as well as via up regulation of p53 and p21, two major cell cycle inhibitory proteins (41, 46, 47, 49) . This definitive role for PDE3A was substantiated by the absence of inhibition of VSMC growth in 3B-KO VSMCs, and by inhibition of PDGF-stimulated DNA synthesis in 3B-KO VSMCs depleted of PDE3A by transfection with PDE3A siRNA.
Our results also clearly indicate that in addition to PKA/CREB, other signals, especially p53, are required for growth inhibition, since inactive CREB only partially restored FBSinduced DNA synthesis in 3A-KO VSMCs. Depletion of p53 levels with TRP53 siRNA, however, completely restored the growth promoting effects of mitogens in PDE3A-KO VSMCs. Downstream targets of p53, i.e., upregulation of expression of p21 as well as Wip1 and Cdkn2d (microarray analysis, Table 1 ) might also be critical elements in cell cycle arrest seen in 3A-KO VSMCs. A schematic summary of the results in this report is shown in Figure 11 . Based on the results of apoptosis assays, FACS analyses and immunodetection of pBad and Bax, it is unlikely that the inhibition of proliferation seen in 3A-KO VSMCs is due to excessive apoptosis. Moreover, cAMP, via CREB, has been proposed to promote cell survival and vascular reendothelialization by upregulating HGF (50) and, because CREB is activated in 3A-KO VSMCs, it is plausible that CREB might also limit apoptosis in 3A-KO VSMCs by increasing vascular HGF, which was reported in earlier studies of human and rodent VSMCs exposed to cilostazol (a PDE3 inhibitor) (50, 51) .
How do these results relate to in vivo situations? Recent studies by Sun et al. (52) showed that PDE3A-deficient mice were protected from collagen/epinephrine-induced pulmonary thromboembolism and subsequent death, most likely due to elevated intraplatelet cAMP and reduced platelet activation. Moreover, in the PDE3A-deficient mice, heart rate was increased, and arterial blood pressure and left ventricular pressure were reduced, presumably due to peripheral vasodilation. On-going collaborative studies using WT and 3A-KO mice have further indicated that PDE3A is an important PDE isozyme that regulates basal heart function by regulating cAMP levels in microdomains that contain SERCA2-Phospholamban-PDE3A macromolecular complexes (Shen, W., Becca, S., et al., unpublished data). Other studies, using human myocardial samples, have also supported the idea that PDE3A is a component of a SERCAcontaining macromolecular complex that may integrate cAMP and SERCA signaling in human heart (Ahmad, F. et al., unpublished data). Recent studies in rats by Zhao et al. (53) indicated that balloon angioplasty increased PDE3/PDE4 proteins and activities with a concomitant decrease in VASP phosphorylation, which is an index of PKA activity and VSM relaxation. Treatment with PDE3 inhibitors restored VASP phosphorylation.
These observations, together with our data regarding VSMC growth, suggest that PDE3A isoforms may play a major role in cardiovascular function by regulating cardiac contractility and peripheral vasodilation as well as VSMC growth. Given that cilostazol has been reported to inhibit neointimal injury in rats following balloon injury (51) , future in vivo studies with balloon injury models will be needed to test the protective effect of PDE3A deletion on vessel wall thickening, smooth muscle cell migration, and neointimal growth. 6 cells/ml) was stained with propidium iodide before flow cytometry, which was performed using a BD FACStar flow cytometer. ModiFit software analysis was performed as described in materials and methods, and % of cells in G1(first growth phase), Synthetic phase (S), second growth phase (G2) and mitotic phase (M) were calculated. Results are the mean ±SE of 4 independent experiments, performed in duplicate. (G0/G1: 3A-WT basal 88.9±2.1%, PDGF 64.7±6.0%*; 3A-KO basal 90.6±4.0%, PDGF 86.2±3.1%**. S: 3A-WT basal 8.3±2.0%, PDGF 20.3±5.0%*; 3A-KO basal 6.7±1.1%, PDGF 9.4±1.4%**. G2/M: 3A-WT basal 2.8±0.3%, PDGF 15.0±3.0%*; 3A-KO basal 2.7±0.20%, PDGF 4.4±0.30%**. * p< 0.05 vs. PDE3A-WT basal; ** p< 0.05 vs. PDGF treated PDE3A-WT. Fig. 3 : PDE3A deletion blocks PDGF-induced phosphorylation of ERKs: Top: Serum-starved VSMCs were incubated in serum-free medium without or with 100 nM insulin or 10 ng/ml PDGF for 5 min, or insulin for 5 min followed by PDGF for 5 min. Equal amounts of cell homogenates (50 µg proteins) were analyzed by Western blots using phospho-p44/42ERK antibody (T202/Y204 MAPK), and by densitometric quantification. A representative image is shown. Bottom: Linear ECL signal images from 5 independent experiments were scanned, and the densitometric ratio (in arbitrary densitometric units) between phosphorykated ERK and ERK protein was quantified. The ratio for basal (no additions) 3A-WT and 3A-KO was set at 1 and the remaining values were calculated relative to basal. Data are mean ± SE values, n=5. *p< 0.05, PDGF-stimulated or PDGFins stimulated vs. respective basal values; **p < 0.05, PDGF-stimulated or PDGFins stimulated: 3A-KO vs. 3A-WT, 3B-WT, or 3B-KO. Table 1 : Changes in expression of cell cycle specific genes in 3A-KO VSMCs. RNA (1 µg), isolated from quiescent 3A-WT and 3A-KO VSMCs, was used to synthesize biotin-16 UTP labeled target cRNA probes, which were hybridized to array membranes. Signals were detected, and linear ECL images were analyzed as described in materials and methods. 3A-KO genes, whose expression was increased or decreased by greater than 2-fold compared to 3A-WT genes, are shown in Table 1 
